The mammalian immune system has the ability to discriminate between pathogenic microbes and nonpathogenic microbes to control inflammation. Here we investigated the ubiquitination profiles of host proteins after infection of macrophages with a virulent strain of the intracellular bacterium Legionella pneumophila or a nonpathogenic mutant of L. pneumophila. Only infection with pathogenic L. pneumophila resulted in ubiquitination of positive regulators of the metabolic checkpoint kinase mTOR and led to diminished mTOR activity. Detection of pathogen signatures resulted in translational biasing toward proinflammatory cytokines through mTOR-mediated regulation of cap-dependent translation. Thus, there is a pathogen-detection program in macrophages that stimulates protein ubiquitination and the degradation of regulators of mTOR, which suppresses mTOR function and directs a proinflammatory cytokine program. npg
A r t i c l e s Pattern-recognition receptors (PRRs) are used by mammalian cells to detect conserved molecular patterns presented by microbes. When PRRs bind microbial ligands, they induce transcriptional responses that promote inflammation through the production of cytokines by the responding cells 1 . The magnitude of the host inflammatory response can be greater in response to pathogenic microbes than in response to nonpathogenic organisms. This is in part because many pathogenic organisms manipulate host processes either by entering the host cytosol to deliver proteins or by using specialized secretion systems to deliver bacterial proteins across a membrane barrier into the cytosol. When membrane barriers are breached by pathogens, microbial signatures are often detected by cytosolic PRRs that activate additional pathways of the innate immune system to control infection. Although PRRs have an important role in the detection of pathogens, they are not sufficient to account for the differences in host responses to pathogenic and nonpathogenic microbes, which indicates that other signaling pathways must be involved 2 .
The signaling mechanisms that mediate responses to pathogens are complex and involve many different proteins that rapidly transduce molecular information in the cell 1 . Typically, rapid signaling responses involve post-translational modification (PTM) of proteins in a signaling cascade 3 . PTMs often serve as molecular 'on-off ' switches that modulate the activity of a signaling network. For example, signaling pathways of the innate immune system are controlled by PTMs that include the phosphorylation and ubiquitination of proteins in regulatory circuits 1, 3, 4 . For this reason, mapping of PTMs in cellular networks 5 has been implemented successfully in several studies to elucidate previously unknown aspects of macrophages responses to lipopolysaccharide (LPS), lysine acetylation-regulated cellular pathways and heat-shock responses dependent on the small ubiquitin-like modifier 3, 6, 7 . Thus, it stands to reason that similar approaches would provide new insight into how cells discriminate between pathogenic bacteria and nonpathogenic bacteria.
The bacterium Legionella pneumophila has been used to investigate signaling pathways of the innate immune system directed against intracellular pathogens 8 . Legionella is a common inhabitant of fresh water and soil ecosystems, where the organism proliferates inside protozoan hosts that feed on bacteria. Legionella has the ability to replicate inside macrophages even though it has not coevolved with mammalian hosts 9 . A bacterial type IV secretion system called 'Dot/Icm' is required for Legionella replication inside of protozoan hosts and mammalian macrophages 10, 11 . The Dot/Icm system delivers effector proteins into the host cell, which enables the vacuole containing Legionella to avoid fusion with lysosomes and to develop into a specialized vacuole that supports bacterial replication 12 .
A robust cytokine response is detected shortly after the infection of macrophages with L. pneumophila, and this response is attenuated in macrophages infected with a nonpathogenic strain of L. pneumophila in which the Dot/Icm system is inactivated 13 . Cytosolic PRRs such as Nod1, Nod2, Rig-I and NAIP5 have a role in discriminating between pathogenic L. pneumophila and mutant L. pneumophila in which the Dot/Icm system is inactivated [13] [14] [15] ; however, studies of knockout mice deficient in these canonical pathways of the innate immune system suggest that stimulation of these cytosolic PRRs cannot account for all of the differences observed in macrophages infected with virulent or Dot/Icm-deficient L. pneumophila. Thus, to gain new insight into 1 2 2 0 VOLUME 14 NUMBER 12 DECEMBER 2013 nature immunology A r t i c l e s pathogen-specific signaling cascades that are regulated differently during infection, we have analyzed the ubiquitin PTM network during infection of macrophages with virulent and Dot/Icm-deficient L. pneumophila. These data revealed that infection of macrophages by pathogenic L. pneumophila induced ubiquitination-dependent degradation of proteins in the pathway of the metabolic checkpoint kinase mTOR. Downregulation of mTOR activity during infection of macrophages by pathogenic L. pneumophila suppressed cap-dependent translation, which enhanced a proinflammatory cytokine response that provided host defense against infection.
RESULTS

Analysis of pathogen-induced macrophage responses
To investigate pathogen-specific responses, we used liquid chromatography and tandem mass spectrometry to compare patterns of host-protein ubiquitination in response to virulent L. pneumophila and an isogenic dotA mutant of L. pneumophila that is nonpathogenic because it is deficient in Dot/Icm function. We used a RAW267 mouse macrophage-like cell line that stably produced either ubiquitin or Ub G76V (a mutant version of ubiquitin that is defective in conjugation), each linked to a tandem affinity tag ( Supplementary  Fig. 1 ). After infection, we isolated proteins containing tagged ubiquitin under stringent denaturing conditions to prevent processing of the ubiquitin moieties after lysis and identified peptides containing ubiquitin conjugates by liquid chromatography and tandem mass spectrometry. We analyzed the resultant data to identify proteins that were ubiquitinated differently in cells infected with pathogenic L. pneumophila or the nonpathogenic L. pneumophila dotA mutant strain. We superimposed the ubiquitinated host proteins identified onto known molecular networks in silico ( Supplementary Fig. 2 and Supplementary Tables 1-3) . Pathway over-representation analysis revealed that the pathogen-specific response showed enrichment for cascades of the innate immune system. Moreover, cascades shown before to respond differently in macrophages after infection with pathogenic L. pneumophila, such as the transcription factor NF-κB, mitogen-activated protein kinase and type I interferon (IFN-α and IFN-β) pathway 13, 14, 16 , were represented in the pathogen-specific response network ( Supplementary Fig. 2 ). Thus, this analysis successfully identified pathways regulated differently in response to pathogenic L. pneumophila and to nonpathogenic L. pneumophila.
Infection by virulent L. pneumophila suppresses mTOR function The mTOR pathway was highly represented in the analysis of proteins ubiquitinated after infection of macrophages with virulent L. pneumophila. This pathway has an important role in regulating host metabolism and protein translation in response to changing environmental conditions 17 , and there is growing evidence suggesting that mTOR is involved in immunoregulation 18 . Phosphatidylinositol-3-OH kinase (PI(3)K) and the kinase Akt are important activators of mTOR. Our data indicated that infection of macrophages with virulent L. pneumophila favored ubiquitination of PI(3)K, Akt and mTOR ( Supplementary Fig. 2) , which suggested that this pathway was regulated differently in response to pathogen infection. Thus, we investigated whether the regulation of this pathway varied in response to virulent L. pneumophila or avirulent mutants by measuring phosphorylation of Akt, mTOR and mTOR substrates as indicators of a functional protein kinase cascade in the cell.
We observed robust phosphorylation of Akt ( Fig. 1a) , mTOR ( Fig. 1b ) and the mTOR substrates 4E-BP1 and the ribosomal protein S6 ( Fig. 1c ) after infection of macrophages with the avirulent dotA mutant of L. pneumophila, indicative of an active mTOR pathway. The mTOR pathway was activated to a similar extent by LPS, a known agonist of the mTOR pathway that served as a positive control ( Fig. 1) . Fig. 2 ) blocked activation of mTOR by the L. pneumophila dotA mutant, but inhibition of transcription with actinomycin D or inhibition of translation by cycloheximide did not ( Fig. 1d) . Thus, activation of mTOR during infection with avirulent L. pneumophila was independent of host transcription and translation but required PI(3)K signaling.
Chemical inhibition of PI(3)K activity (Supplementary
To measure activation of mTOR in response to virulent L. pneumophila with a functional Dot/Icm system, we used an isogenic strain with deletion of the gene encoding flagellin (flaA), which prevented activation of a rapid cell death response in mouse macrophages via pyroptosis. This virulent strain also had a gene encoding defective thymidylate synthetase (thyA), which limited intracellular replication and allowed virulent and avirulent bacteria to be maintained in similar amounts after infection of macrophages. Phosphorylation of substrates in the mTOR pathway was significantly lower in macrophages infected with virulent L. pneumophila than in those infected with avirulent L. pneumophila (Fig. 1a-c) , and suppression of the mTOR Figure 1 The PI(3)K-AKT-mTOR pathway is suppressed during pathogenic infection with L. pneumophila. (a) Immunoblot analysis of Akt phosphorylated at Thr308 (p-Akt(Thr308)) or Ser473 (p-Akt(Ser473)) and total Akt (loading control) in BMMs left untreated (0) or infected for 2, 4 or 6 h (above lanes) with pathogenic L. pneumophila (LP) or the avirulent L. pneumophila dotA mutant (dotA) or stimulated for 2, 4 or 6 h (above lanes) with LPS (100 ng/ml). (b) Immunoblot analysis of mTOR phosphorylated at Ser2448 (p-mTOR(Ser2448)) or Ser2481 (p-mTOR(Ser2481)) and total mTOR (loading control) in BMMs infected or stimulated as in a. (c) Immunoblot analysis of 4E-BP1 phosphorylated at Ser65 (p-4E-BP1(Ser65)) or ribosomal protein S6 phosphorylated at Ser235 and Ser236 (p-rS6p(Ser235,Ser236)) and total 4E-BP1 or ribosomal protein S6 (rS6p) (loading controls) in BMMs infected or stimulated as in a. (d) Immunoblot analysis of phosphorylated and total Akt as in a or 4E-BP1 or ribosomal protein S6 phosphorylated as in c in BMMs left untreated (UT) or pretreated for 30 min with the vehicle dimethyl sulfoxide (DMSO) or the PI(3)K inhibitor LY294002 (LY29; 10 µM), the mTOR inhibitor rapamycin (Rap; 100 nM), the mTOR inhibitor PP242 (2.5 µM), the transcription inhibitor actinomycin D (ActD; 500 ng/ml) or the translation inhibitor cycloheximide (CHX; 50 µg/ml) and then infected for 4 h with L. pneumophila dotA mutant or stimulated for 4 h with LPS (bottom). Numbers below lanes indicate densitometry of signal intensity, normalized to the appropriate loading control and presented relative to that of untreated cells. Data are from one experiment representative of six experiments (biological replicates). A r t i c l e s pathway was dose dependent (Supplementary Fig. 3a ). The activation of mitogen-activated protein kinases in macrophages was equivalent in response to virulent L. pneumophila and avirulent L. pneumophila ( Supplementary Fig. 3b ), which indicated that these bacteria stimulated the Toll-like receptor pathway similarly. Thus, increased ubiquitination of proteins in the mTOR pathway represented a host response that negatively regulated this signaling cascade after infection with L. pneumophila with 'signatures' of being a pathogen.
Akt-mTOR control cytokine bias independently of autophagy
Macrophages produce proinflammatory cytokines such as interleukin 6 (IL-6), tumor-necrosis factor and IL-1β, and also cytokines that suppress inflammation, such as IL-10, IFN-α-IFN-β and transforming growth factor-β 1, 19, 20 . We observed a strong proinflammatory response, as measured by secretion of IL-6, in bone marrow-derived macrophages (BMMs) infected with virulent L. pneumophila; however, we observed lower concentrations of proinflammatory cytokines and higher concentrations of the immunosuppressive cytokine IL-10 in BMMs infected with the avirulent L. pneumophila dotA mutant ( Fig. 2a) .
Heat-killed bacteria elicited responses similar to those elicited by the dotA mutant ( Fig. 2b) , which indicated that the robust proinflammatory response to virulent L. pneumophila required bacterial viability. The L. pneumophila icmS mutant induced a response that was similar to that induced by virulent L. pneumophila (Fig. 2c) . Although the icmS mutant has a functional type IV secretion system, the IcmS protein is required for efficient translocation of various effector proteins 21 ; this prevented the icmS mutant from trafficking correctly ( Supplementary Fig. 3c ) or replicating in primary macrophages 22 . Thus, the robust proinflammatory response triggered by virulent L. pneumophila required a functional Dot/Icm system but was independent of efficient translocation of effector proteins and establishment of the specialized vacuole that supports bacterial replication.
Although there were substantial differences in cytokine production in response to virulent L. pneumophila and the avirulent L. pneumophila dotA mutant, these differences did not correlate with gene expression. The amount of Il6 mRNA was similar under all infection conditions, and Il10 mRNA was more abundant after infection with virulent L. pneumophila even though IL-10 production was lower ( Fig. 2d) . Thus, the cytokine biasing observed in response to virulent L. pneumophila involved post-transcriptional regulation of gene expression.
Genetic and pharmacological agents that perturb signaling in the mTOR pathway will increase the production of proinflammatory cytokines in cells of the innate immune system after activation by microbial products [23] [24] [25] . Thus, it was possible that differences in the regulation of mTOR signaling in response to pathogenic or nonpathogenic L. pneumophila were involved in the cytokine biasing observed during the infection of macrophages. Consistent with that hypothesis, we observed a significant increase of IL-6 secretion concomitant with a decrease in IL-10 production when we used 
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A r t i c l e s rapamycin to block signaling from mTOR through the TORC1 complex in macrophages infected with the L. pneumophila dotA mutant ( Fig. 2e) . Similar to the results we observed during infection of macrophages with virulent L. pneumophila, treatment with rapamycin enhanced L. pneumophila dotA-induced inflammation without affecting gene expression ( Fig. 2f) . Additionally, signaling via mTOR was suppressed in macrophages infected with the L. pneumophila icmS mutant (Supplementary Fig. 3d ). Moreover, we still observed cytokine biasing in macrophages deficient in the receptor for IL-10 ( Fig. 2g,h) , which indicated that this was an intrinsic response that did not require feedback inhibition mediated by IL-10. Because L. pneumophila potently inhibits autophagy through the use of the effector protein RavZ, we predicted that cytokine biasing would not require autophagy, even though autophagy is typically induced when mTOR function is suppressed. Indeed, cytokine biasing was unaffected in macrophages deficient in Atg5, a protein critical for autophagy, and infection of macrophages with an L. pneumophila mutant lacking RavZ did not augment cytokine biasing ( Supplementary Fig. 3e,f) , which indicated that cytokine biasing by mTOR suppression did not require autophagy. Thus, cytokine biasing involved a host response that suppressed mTOR activity after the infection of macrophage with virulent L. pneumophila.
To determine whether mTOR suppression would enhance host protection against infection, we used mice with deletion of the gene encoding mTOR (Mtor) specifically in cells of the myeloid lineage, which included macrophages (called 'mTOR-deficient mice' here; Supplementary Fig. 3g,h) . The secretion of IL-6 and IL-10 by mTOR-deficient BMMs infected with the avirulent L. pneumophila dotA mutant was similar to that of wild-type BMMs infected with pathogenic L. pneumophila (Supplementary Fig. 3h ), which indicated that BMMs from the mTOR-deficient mice had a defect in cytokine biasing triggered by pathogen detection. The mTORdeficient mice were more resistant to pulmonary infection with virulent L. pneumophila, as indicated by the lower number of bacteria and enhanced proinflammatory cytokine response in the lung relative to that of their mTOR-sufficient littermates ( Fig. 2i,j) . Conversely, mice were more sensitive to infection with L. pneumophila when activation of mTOR was augmented by the maintenance of activation of Akt, achieved by treatment of mice with the phosphotyrosine phosphatase inhibitor bpV(phen) to interfere with the phosphatase PTEN that negatively regulates Akt (Fig. 2k,l) . Thus, the ability to respond to pathogenic L. pneumophila and suppress mTOR function enabled the host to efficiently combat infection.
Pathogenic infections inhibit cap-dependent translation
The mTOR pathway regulates ribosome biogenesis and the initiation of cap-dependent translation in mammalian cells 17 . When we stimulated macrophages with LPS or infected them with the nonpathogenic L. pneumophila dotA mutant, there was a measurable increase in the rate of protein synthesis, as determined by the incorporation of puromycin 26 into nascent polypeptides (Fig. 3a) . We did not detect an increase in host translation stimulated by LPS or nonpathogenic L. pneumophila when we blocked mTOR activity by using the specific mTOR inhibitors rapamycin or PP242 (ref. 27) ( Fig. 3b and Supplementary Fig. 4) . Similarly, the increased translation induced by LPS or nonpathogenic L. pneumophila was blocked by the use of 4EGI-1 (Fig. 3b) , a peptidomimetic inhibitor that binds eIF4E to prevent formation of the cap-dependent translation-initiation complex eIF4F (ref. 28) (Supplementary Fig. 2f) . In contrast to the increase in translation detected after infection with the L. pneumophila dotA mutant, there was a dose-dependent decrease in host protein translation in macrophages infected with virulent L. pneumophila ( Fig. 3a and Supplementary Fig. 4 ). To determine whether suppression of the mTOR pathway was sufficient to interfere with host translation after infection with virulent L. pneumophila, we used small interfering RNA (siRNA) to silence the gene encoding TSC2 or those encoding 4E-BP1 and 4E-BP2; this derepressed mTOR activation and assembly of eIF4F, respectively ( Fig. 3c-e ). TSC2 functions as a negative regulator of mTOR, and 4E-BP1 and 4E-BP2 are inhibitors of cap-dependent translation that are inactivated when phosphorylated by mTOR ( Supplementary Fig. 2f ). We did not observe translational suppression after infection with virulent L. pneumophila in macrophages in which those genes were silenced ( Fig. 3d,e ). BMMs and epithelial cells did not have a greater abundance of phosphorylated eIF2α after infection with pathogenic L. pneumophila than after infection with nonpathogenic L. pneumophila (Supplementary Fig. 4g,h) , which indicated that suppression of mTOR was not mediated by a response to amino-acid starvation in the host. Thus, negative regulation of mTOR activity was sufficient to suppress host translation after infection with virulent L. pneumophila.
A pathogen signature triggers translational repression After we infected macrophages with virulent L. pneumophila, we used a fluorescence-based cell-sorting protocol to separate macrophages given injection of effector proteins by the L. pneumophila Dot/Icm system (which therefore have bacterial effector proteins in their cytosol) from macrophages that were not injected 29 (Supplementary Fig. 5 ).
Puromycin-incorporation assays showed protein translation in the population of uninjected macrophages equivalent to that in macrophages infected with the L. pneumophila dotA mutant (Fig. 3f) . In contrast, the injected macrophage population containing cytosolic effector proteins had a lower rate of protein translation than did uninjected macrophages in the same culture (0.3 versus 0.8, respectively; Fig. 3f ). Thus, an autonomous response that interfered with host translation was triggered only in cells that received a signal from L. pneumophila with a functional Dot/Icm system. We next addressed whether the cell-autonomous response that limited host protein translation was mediated directly by effector proteins from L. pneumophila or whether inhibition of translation was a general host response to bacteria with a pathogenic 'signature' . Although the L. pneumophila icmS mutant did not deliver effector proteins into host cells efficiently and this resulted in vacuoles that failed to mature into endoplasmic reticulum-like compartments ( Supplementary Fig. 3c ), the L. pneumophila icmS mutant activated several effector proteinindependent pathways of the innate immune system that respond to the pathogenic 'signature' of a functional Dot/Icm system 13, 15, 16 (Fig. 2c) . Similarly, macrophages infected with the L. pneumophila icmS mutant suppressed translation to an extent equivalent to that of macrophages infected with virulent L. pneumophila (Fig. 3g) , which suggested that inhibition of translation was a cell-autonomous response that does not require the direct activities of L. pneumophila effector proteins. There are five L. pneumophila effector proteins (Lgt1, Lgt2, Lgt3, SidI and SidL) with biochemical activities that interfere with host protein synthesis when expressed ectopically in eukaryotic cells 30 .
To determine whether those effector proteins were required for the general suppression of host translation observed during infection, we used the L. pneumophila ∆5less mutant, which has deletion (from the chromosome) of the genes encoding those five effector proteins 30 . The L. pneumophila ∆5less mutant suppressed cap-dependent translation to an extent indistinguishable from the suppression elicited by the parental strain (Fig. 3h) . The cytokine profiles of macrophages infected with the L. pneumophila ∆5less mutant were similar to those of macrophages A r t i c l e s infected with virulent L. pneumophila (Fig. 3i) . Thus, cytokine biasing did not require these effector proteins.
To investigate whether cytokine biasing might be an effector protein-independent process triggered in response to bacteria with pathogenic traits, we used a plasmid that produces the pore-forming toxin listeriolysin O (LLO) under the control of an isopropyl β-dthiogalactopyranoside (IPTG)-inducible promoter and introduced that plasmid into the L. pneumophila dotA mutant. It has been shown that nonpathogenic bacteria such as Escherichia coli that harbor this plasmid will damage the vacuoles in which they reside when grown under inducing conditions, and this will trigger host cytosolic immune responses 31 . Indeed, the cytokine profile of macrophages infected with that L. pneumophila dotA mutant grown under noninducing conditions (without IPTG) favored IL-10 production over IL-6 production, whereas macrophages infected with that L. pneumophila dotA mutant grown under conditions that promote LLO production (with IPTG) showed a bias toward more IL-6 production and lower IL-10 production ( Fig. 3j) . Ubiquitination of membrane regions surrounding L. pneumophila dotA mutant bacteria were not apparent in the infected cells after induction of LLO production (data not shown), which suggested this response was not dependent on the recruitment of adaptors such as NDP52 that signal and direct autophagy in response to cytosolic pathogens 32 . This was consistent with studies showing that galectin-3 is not accessible to most virulent L. pneumophila after infection of macrophages, which means such bacteria rarely escape the vacuole and enter the cytosol 33 . Thus, vacuole damage caused by LLO production and signaling by the Dot/Icm system probably facilitated the release of microbe-associated molecular patterns into the 
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A r t i c l e s host cytosol, and detection of microbial determinants in the cytosol then suppressed mTOR activity to modulate cytokine production.
Cytokine biasing is mediated by regulation of eIF4E by mTOR
One mechanism by which mTOR regulates translation is through phosphorylation of the negative regulator 4E-BP1, which releases the translation-initiation factor eIF4E to assemble into the eIF4F complex to initiate cap-dependent translation 17 . The peptidomimetic inhibitor 4EGI-1 blocks translation by interfering specifically with the interaction between eIF4E and eIF4G. Cytokine production was inhibited in a dose-dependent manner after the treatment of LPS-stimulated macrophages with 4EGI-1 or PP242 (Fig. 4a,b) , which indicated that the mRNAs encoding those cytokines were translated by a cap-dependent mechanism that required mTOR function. From these studies it became evident that IL-10 production was more sensitive to inhibition of eIF4E than was IL-6 production. IL-10 production was not detectable in macrophages treated with 4EGI-1 (2.5 µM) or with PP242 (1 µM) ( Fig. 4a) , whereas IL-6 production was not compromised at the same concentrations of those inhibitors (Fig. 4b) . In contrast, cytokine production was completely abolished when we used cyclohexamide to interfere with translation at the elongation stage ( Fig. 4a,b) . Thus, cytokine biasing in LPS-treated macrophages was achieved by modulation of the cap-dependent translation initiated by eIF4E. If cytokine biasing observed during infection with pathogenic L. pneumophila were mediated mainly by downregulation of the ability of mTOR to promote eIF4E-dependent translation, then rapamycin and 4EGI-1 should have an epistatic relationship in biasing cytokine responses after the infection of macrophages by the L. pneumophila dotA mutant. Indeed, treatment of L. pneumophila dotA-infected macrophages with 4EGI-1 resulted in dose-dependent cytokine biasing, but this effect was not augmented by the addition of rapamycin (Fig. 4c) . The absence of synergy in this assay further supported the proposal that cytokine biasing was mediated by the regulation of eIF4E function by mTOR.
Inhibition of eIF4E favors abundant transcript translation
There was no evidence suggesting that structural cis-acting elements in the untranslated regions of the cytokine-encoding mRNAs could account for selective translation that displayed an expression bias during infection with virulent L. pneumophila (Supplementary Fig. 6 ). Thus, we investigated whether mRNA abundance might account for mTOR-regulated biasing toward the translation of genes encoding proinflammatory molecules during the infection of macrophages with pathogenic L. pneumophila. We infected macrophages with virulent L. pneumophila or the L. pneumophila dotA mutant and then measured the transcripts of 179 different genes encoding molecules involved in immunoregulation ( Supplementary Table 4 ). This comparison revealed no differences in the transcription profiles of individual genes that would explain the cytokine biasing (Fig. 5a) . The expression of transcripts encoding various cytokines spanned four orders of magnitude (Fig. 5b) . Many transcripts encoding proinflammatory molecules (Il1b, Tnf and Il6) were very abundant; Il10 transcripts were less abundant (Fig. 5b) . After infection, the amount of cytokineencoding mRNAs peaked at 3 h and was maintained at 7 h (Fig. 5c) . After infection with virulent L. pneumophila, the abundance of Il6 mRNA was 85-fold higher than that of Il10 mRNA (3,502 counts versus 41 counts, respectively; Fig. 5c ). The sensitivity of cytokine production to inhibition by 4EGI-1 correlated significantly with mRNA quantity for many proteins tested (Fig. 5d) . We observed a decrease in many cellular proteins during infection with virulent L. pneumophila but not during infection with the L. pneumophila dotA mutant; this resulted from the mTOR-regulated block in translation (Fig. 5e) . In contrast, infection with virulent L. pneumophila did not interfere with the synthesis of pro-IL-1β (Fig. 5e) . We obtained similar results for other very abundant transcripts encoding proinflammatory cytokines ( Fig. 2c and Supplementary Fig. 7a-c) ; however, translational biasing was not cytokine specific, as transcripts encoding calnexin were also very abundant in macrophages, and calnexin synthesis was not adversely affected during the infection of macrophages with virulent L. pneumophila (Supplementary Fig. 7d-f) .
Consistent with published studies indicating that the Dot/Icm system induces the expression of genes encoding type I interferon 14 , we found a greater amount of transcripts encoding IFN-β (Ifnb1) after infection of macrophages with virulent L. pneumophila than after infection with avirulent L. pneumophila (Fig. 5c) . The induced amount of Ifnb and Il10 transcripts were less abundant than were the amounts of many transcripts encoding proinflammatory cytokines (Fig. 5b) . Similar to results obained for the cytokine IL-10, bioassays revealed that greater amounts of bioactive type I interferon were produced by macrophages infected with the L. pneumophila dotA mutant than by macrophages infected with virulent L. pneumophila (Supplementary Fig. 7g ). When we silenced the genes encoding 4E-BP1, 4E-B12 or TSC2 in macrophages, which eliminated translational suppression by mTOR ( Fig. 3d,e) , we no longer observed cytokine biasing, as indicated by the reduction in IL-6 production after infection with virulent L. pneumophila to concentrations similar to those of macrophages infected with the L. pneumophila dotA mutant (Fig. 5f) . Thus, downregulation of mTOR function after infection with virulent L. pneumophila resulted in the suppression of cap-dependent translation, which 
L. pneumophila stimulates ubiquitination of activated Akt
We detected ubiquitination of Akt mainly in the analysis of PTM in macrophages infected with virulent L. pneumophila. In agreement with that analysis, mobility-shift and immunoblot analysis revealed that infection of macrophages by virulent L. pneumophila resulted in ubiquitination of Akt and mTOR, but infection with the L. pneumophila dotA mutant did not (Fig. 6a,b) . The ubiquitination of Akt and mTOR coincided with a reduction in the amount of these proteins in macrophages given injection of effector proteins by the Dot/Icm system after infection with virulent L. pneumophila (Fig. 6c) . When we blocked new protein synthesis by cyclohexamide, we noted that the degradation of Akt was accelerated in cells infected with virulent L. pneumophila, whereas we observed no enhanced degradation for the control protein hsp90 (Fig. 6d,e) , which indicated that pathogeninduced ubiquitination of Akt stimulated protein degradation.
The activation of Akt requires generation of phosphatidylinositol-3,4,5-trisphosphate at the plasma membrane, which is recognized by a pleckstrin-homology domain in Akt. Appending a myristoylation motif to Akt (myrAkt) results in recruitment of Akt to the membrane and activation of Akt independent of phosphatidylinositol-3,4,5-trisphosphate 34 . When produced in macrophages, most of the myrAkt was phosphorylated (Fig. 6f) , which indicated that myrAkt was constitutively active. After infection of macrophages with virulent L. pneumophila, degradation of myrAkt occurred more rapidly than that of endogenous Akt (Fig. 6f) , which indicated that the active pool of membrane-associated Akt was the main target of the pathogeninduced ubiquitination and degradation.
Pathogen-induced ubiquitination of Akt suppresses mTOR
We replaced all the lysine residues in Akt identified in the analysis of PTM as being potential sites for pathogen-induced ubiquitination (Lys8, Lys111, Lys112 and Lys154) with arginine to generate the Akt1 KR mutant, and we established J774 mouse macrophagelike cell lines that produced myristoylated green fluorescent protein (myrGFP), a myristoylated fusion of GFP and Akt1 (myrGFP-Akt1) or A r t i c l e s a myristoylated fusion of GFP and (myrGFP-Akt1 KR ) ( Supplementary  Fig. 7h ). Robust ubiquitination of myrGFP-Akt1 occurred in cells infected with virulent L. pneumophila, whereas myrGFP-Akt1 KR was not ubiquitinated to a similar extent after such infection (Fig. 7a) . Blocking the degradation of ubiquitinated proteins with the proteasome inhibitor MG-132 enhanced the detection of ubiquitinated Akt and confirmed that myrGFP-Akt1 KR evaded the pathogen-induced ubiquitination (Fig. 7a) . Furthermore, the addition of Fig. 6b ) in J774 macrophage cell lines stably expressing myrGFP, myrGFP-Akt1 or myrGFP-Akt1 KR (below blots; Supplementary Fig. 7h ) and infected for 4 h with virulent L. pneumophila or the L. pneumophila dotA mutant (MOI, 20) in the presence (+) or absence (−) of MG-132. (b) Immunoblot analysis of total and phosphorylated Akt, ribosomal protein S6 and p38 (as in Fig. 1 ) and the inhibitor IκBα (control for proteasomal inhibition) in J774 macrophages left uninfected or infected for various times (above lanes) with virulent L. pneumophila (MOI, 20) A r t i c l e s MG-132 during infection with virulent L. pneumophila increased the amount of activated Akt detected in the cells and augmented phosphorylation of the ribosomal protein S6 (Fig. 7b) . The addition of MG-132 also increased the amount of phosphorylated myrGFP-Akt1; however, MG-132 did not affect the amount of phosphorylated myrGFP-Akt1 KR (Supplementary Fig. 7i) . Consistent with the evasion by Akt1 KR of pathogen-induced ubiquitination, the amount of phosphorylated myrGFP-Akt1 KR remained high after infection of host cells with virulent L. pneumophila (Fig. 7c-e) . Expression of myrGFP-Akt1 KR resulted in more production of IL-10 and less production of IL-6 after infection of macrophages with virulent L. pneumophila than that of cells that produced either myrGFP-Akt1 or myrGFP (Fig. 7f) . The defect in cytokine biasing demonstrated by the macrophages producing myrGFP-Akt1 KR was overcome when we directly inhibited mTOR function with rapamycin ( Fig. 7g) . Thus, pathogen-induced ubiquitination of Akt resulted in downregulation of mTOR activity, which promoted cytokine biasing by favoring the synthesis of highly abundant transcripts through the suppression of cap-dependent translation (model, Supplementary Fig. 7j ).
DISCUSSION
Macrophages can modulate cytokine responses according to the pathogenic potential of the organism detected. Here we found that detection of pathogenic L. pneumophila resulted in the ubiquitination of regulators that maintain mTOR activity in the cell. Downregulation of mTOR activity suppressed translation and promoted a proinflammatory cytokine response in which IL-6 levels were high in macrophages infected with virulent L. pneumophila and IL-10 levels were higher in macrophages infected with the L. pneumophila dotA mutant. The lower IL-10 production observed during infection with virulent L. pneumophila than during infection with the L. pneumophila dotA mutant was in contrast to the increase in gene transcription, which indicated that cytokine biasing in response to pathogenic L. pneumophila was regulated at the post-transcriptional level. The following results provided evidence that this was due to suppression of mTOR function: inhibition of mTOR function enabled the L. pneumophila dotA mutant to stimulate responses similar to those elicited by virulent L. pneumophila; inhibition of mTORregulated cap-dependent translation enabled the L. pneumophila dotA mutant to stimulate responses similar to that elicited by virulent L. pneumophila; and constitutive activation of mTOR function resulted in a similar macrophage response to virulent L. pneumophila and to the L. pneumophila dotA mutant. It has been suggested that L. pneumophila suppresses host translation by delivering bacterial effector proteins that interfere with the elongation phase of translation 30 . However, because a L. pneumophila mutant deficient in all of the effector proteins predicted to target the host translational machinery was still able to block host translation, it remained unclear if effector-mediated translational suppression was responsible for the cytokine biasing noted during infection. Our data have revealed that efficient translational suppression was triggered by an effector protein-independent pathogen-detection pathway that downregulated mTOR activity and that this pathway was sufficient to mediate cytokine biasing. That finding was supported by data showing that the nonpathogenic L. pneumophila dotA mutant induced a cytokine profile similar to that generated by virulent L. pneumophila when mTOR function was inhibited pharmacologically or when the vacuole containing the L. pneumophila dotA mutant was disrupted. Although it remains possible that translation-suppressing effector proteins from L. pneumophila may have augmented cytokine biasing by enhancing the abundance of transcripts encoding proinflammatory cytokines, our data indicated that modulating mTOR function to suppress cap-dependent translation promoted host defense because it interfered 'preferentially' with the synthesis of immunosuppressive cytokines encoded by the less-abundant transcripts to direct a proinflammatory cytokine program that protected against infection with L. pneumophila.
Pathogen detection selectively ubiquitinated the active pool of Akt located at the membrane. One of the residues found to be ubiquitinated during infection was Lys8. Ubiquitination of Lys8 increases the membrane association and signaling of Akt in response to growth factors 35, 36 . It has been found that myrAkt bypasses the requirement for ubiquitin-dependent activation of Akt 36 , consistent with the ability of the myrAkt KR mutant we generated to initiate and sustain mTOR activation in response to L. pneumophila. These data suggest that ubiquitination is an important mechanism for the regulation of Akt activity. Host receptor stimulation will activate Akt through ubiquitination of the Lys8 residue, and pathogen-induced ubiquitination of other residues will lead to the deactivation of Akt by promoting protein degradation.
Pathogenic 'signatures' presented by L. pneumophila suppressed mTOR activity, which decreased the availability of eIF4E for assembly of the translation-initiation complex eIF4F. This established a translational bias against transcripts of low abundance in favor of those of greater abundance that encode many of the proinflammatory cytokines. The production of proinflammatory cytokines encoded by the transcripts of greatest abundance in the cell was maintained when eIF4F function was limited. Translation of viral mRNA can be augmented when translation factors are released from host mRNA through inhibition of eIF4F 37 , which by analogy might be a mechanism with which to enhance the translation of transcripts encoding proinflammatory molecules that are initiated under conditions of low mTOR activity.
Suppression of mTOR during pathogen discrimination should also benefit the host through the induction of autophagy, a process important for the clearance of intracellular bacterial pathogens and damaged organelles 38 . Consistent with our data, it has been shown that infection of epithelial cells with pathogenic Salmonella or Shigella inhibits mTOR function and enhances autophagy, suggested to be triggered by a response to amino-acid starvation 39 . The sensing of amino acids and Akt regulate mTOR by distinct pathways that converge on the small GTPase Rheb 17 . Our data indicated that Akt-dependent regulation of TSC2, but not amino-acid starvation, was critical for the suppression of mTOR in response to L. pneumophila, which would suggest this response is independent of the sensing of nutrients because aminoacid starvation suppresses mTOR function independently of TSC2 activity 40 . Thus, there may be several pathways that integrate the sensing of pathogens and the suppression of mTOR.
Inhibition of the Akt-mTOR pathway in vivo and in vitro augments inflammation [23] [24] [25] 41 ; however, the mechanism by which this might occur is unclear. Our data indicated that mTOR functions as a translational 'rheostat' that responds to microbial infection, which provides new insight into the inverse relationship between protein translation and inflammation observed in several experimental systems [42] [43] [44] . We propose that the high transcriptional output observed for most proinflammatory cytokines could have evolved as a mechanism to preserve the ability of cells of the innate immune system to respond robustly to pathogens under conditions in which mTOR-dependent translational initiation is suppressed. Indeed, mice with myeloid cells deficient in mTOR were more resistant to infection with L. pneumophila, which would indicate that suppression of mTOR favors host defense. This model could explain how a robust inflammatory response is triggered in a mouse model of infection with npg Leishmania major under conditions in which mTOR proteolysis is observed 44 and would fit data obtained with Drosophila showing that bacterial infection correlates with reduced host protein translation and a more robust systemic antimicrobial response 45 .
Several negative feedback loops for the transcription 46 and turnover 47 of cytokine-encoding mRNA require new protein synthesis and perhaps have evolved to augment the abundance of those mRNAs when translation is inhibited. However, our data indicated that an enhanced transcriptional response resulting from infection might not always lead to an increase in protein production, because translational suppression could be dominant over an increase in transcription if mRNA abundance does not reach the threshold needed for efficient translational initiation. Thus, our finding that pathogen discrimination triggered a ubiquitination pathway that suppressed mTOR function provides a new paradigm for how the mammalian immune system is able to regulate inflammation in response to different microbes.
METHODS
Methods and any associated references are available in the online version of the paper.
